Various animals derive nutrients from symbiotic microorganisms with muchreduced genomes, but it is unknown whether, and how, the supply of these nutrients is regulated. Here, we demonstrate that the production of essential amino acids (EAAs) by the bacterium Buchnera aphidicola in the pea aphid Acyrthosiphon pisum is elevated when aphids are reared on diets from which that EAA are omitted, demonstrating that Buchnera scale EAA production to host demand. Quantitative proteomics of bacteriocytes (host cells bearing Buchnera) revealed that these metabolic changes are not accompanied by significant change in Buchnera or host proteins, suggesting that EAA production is regulated post-translationally. Bacteriocytes in aphids reared on diet lacking the EAA methionine had elevated concentrations of both methionine and the precursor cystathionine, indicating that methionine production is promoted by precursor supply and is not subject to feedback inhibition by methionine. Furthermore, methionine production by isolated Buchnera increased with increasing cystathionine concentration. We propose that Buchnera metabolism is poised for EAA production at certain maximal rates, and the realized release rate is determined by precursor supply from the host. The incidence of host regulation of symbiont nutritional function via supply of key nutritional inputs in other symbioses remains to be investigated.
Introduction
Animals cannot synthesize various compounds required for their metabolism and growth, and most animals derive these essential nutrients from their diet. Certain animal groups, however, can use nutrient-deficient diets, because they bear symbiotic microorganisms that provide these compounds [1, 2] . In principle, the host derives maximal benefit where the microbial supply of an essential nutrient is scaled to host demand. Undersupply would limit host growth and reproduction, whereas oversupply could be deleterious through allocation of resources to the production of non-required compounds or through toxicity. However, the extent to which microbial function varies with host demand and the underlying mechanisms are largely unknown.
This study concerns the symbiotic bacterium Buchnera aphidicola, which provides essential amino acids (EAAs: arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine) to its aphid host [3, 4] . Early physiological studies demonstrated reduced incorporation of radioactivity from 14 C-substrates into EAAs in aphids reared on diets of high EAA content, suggesting that EAA production by Buchnera is responsive to dietary supply [5, 6] . However, Buchnera has very limited capacity to vary gene expression. Its small genome (less than or equal to 0.64 Mb) has a dearth of recognizable regulatory sequences [7] , and its gene expression is generally unresponsive to variation in dietary EAAs [8] [9] [10] [11] .
The purpose of this study was twofold: (i) to determine whether Buchnera supply of EAAs varies with aphid demand, and (ii) to investigate the relative importance of abundance of metabolic enzymes and metabolic processes in & 2014 The Author(s) Published by the Royal Society. All rights reserved.
determining EAA production by Buchnera. Our experimental approach had three components: a budget analysis that compared EAA production by Buchnera reared on diets individually lacking each EAA and the complete diet containing all EAAs; a quantitative proteomics analysis of the impact of dietary EAAs on the level of Buchnera enzymes in EAA synthesis and, finally, an analysis of metabolic controls over EAA production that focused on Buchnera production of one EAA, methionine.
Material and methods (a) Experimental material
The pea aphid Acyrthosiphon pisum clone CWR09/18 was derived from a single parthenogenetic female collected from an alfalfa field in Freeville, NY, USA in June 2009. This clone bore B. aphidicola and no secondary symbionts, as determined by diagnostic PCR assays and microscopy [12, 13] . Routine cultures were maintained on pre-flowering Vicia faba cv. Windsor at 208C with a 16 L : 8 D cycle. The experimental aphids were obtained by allowing apterous adults to larviposit over 24 h onto chemically defined diet (electronic supplementary material, Methods). The deposited larvae were retained on the diet for an additional 24 h, at which time they were described as 2-day-old larvae. To eliminate Buchnera from the aphids, apterous adults larviposited onto diet supplemented with 50 mg rifampicin ml 21 [14] ; these aphids are called 'aposymbiotic', and the aphids from rifampicin-free diet are 'symbiotic aphids'. The larvae were transferred to test diets at 2 days old, and experiments were terminated 5 days later, i.e. at 7 days. Test diets comprised either diets from which individual EAAs were deleted, or dietary methionine was replaced by [U- Bacteriocytes were dissected from 7-day-old larval aphids into phosphate-buffered saline (PBS) using fine pins and a dissecting microscope at 10Â to 40Â magnification. For proteomics experiments, the bacteriocyte complement of 60 aphids was brought to 30 ml in PBS, mixed with 10 ml 4Â SDS-PAGE loading buffer (125 mM Tris-HCl pH 6.8, 10% v/v ß-mercaptoethanol, 20% v/v glycerol, 4% w/v SDS), and incubated at 908C for 5 min prior to separation by SDS-PAGE (10-14% acrylamide). For analysis of the free amino acid (FAA) pools, 15 replicate bacteriocyte samples (each from 30 aphids) and whole body samples (each comprising five aphids) were hand-homogenized on ice in PBS, centrifuged, flash-frozen and stored at 2808C, prior to analysis.
Buchnera preparations for metabolic experiments were obtained from dissected bacteriocytes exactly as in [15] . To initiate methionine release experiments, six replicate samples of Buchnera (2 Â 10 8 cells ml 21 in 5 ml medium comprising 28 mM glucose, 8.6 mM NaCl, 1 mM MgSO 4 , 0.1 mM CaCl 2 , 0.25 M sucrose, 50 mM NaH 2 PO 4 , 13 mM K 2 H 2 PO 4 , pH 7.5) were combined with equal volume of medium supplemented 2 mM glutamate, glutamine, serine, aspartate and 2-oxobutanoate, together with cystathionine at 0-3 mM. At 5 min intervals over 30 min, one tube was centrifuged at 1000g for 70 s, and the supernatant was immediately flash-frozen in liquid nitrogen and stored at 2808C. The experiments were conducted at 22.58C, and were repeated five times at different times on different sets of aphids.
(b) Budget analysis EAA production by Buchnera was estimated by budget analysis, as used previously [3, 6, 16] . Protein growth of aphids on diets individually lacking each EAA was calculated over 2-7 days of larval development from the weight and protein density (mg protein g 21 weight) of the aphids and the increase in each EAA determined from the %EAA content of aphid protein (electronic supplementary material, Methods, tables S1 and S2). Protein growth of aposymbiotic aphids was adopted as a measure of endogenous reserves, and the difference between the values for symbiotic and aposymbiotic aphids represented Buchnera contribution to EAA growth. The Buchnera contribution to EAA growth of symbiotic aphids on the control diet was determined from the difference between the inputs from food (calculated from the volume of food ingested) and EAA outputs, comprising protein growth and elimination via honeydew (electronic supplementary material, Methods and table S3).
(c) Proteomics
The proteome was obtained for three independent biological replicates of bacteriocytes dissected from 7-day-old aphids reared on the complete diet and diets that lacked one of cysteine, isoleucine, leucine, lysine methionine, phenylalanine/tyrosine or valine. The three replicate datasets were obtained in three consecutive months. Each lane of the SDS-PAGE gel of bacteriocyte proteins was cut into 10 slices, and the proteins were reduced, alkylated and digested with trypsin and peptide extracted as in [17] . The extracted peptides were analysed by nanoLC-LTQ-Orbitrap (Thermo Electron) mass spectrometry using data-dependent acquisition and dynamic exclusion as detailed in the electronic supplementary material, Methods. Quantitative differences among samples were analysed using normalized values (NadjSPC) (derived as described in the electronic supplementary material, Methods) using principal components analysis (PCA) and multidimensional ANOVA, in the statistical platform 'R', following confirmation of high betweenreplicate reproducibility by pairwise correlation analysis (electronic supplementary material, table S4).
Mass spectrometry data matched to identified aphid and Buchnera proteins can be viewed in the Plant Proteome DataBase (PPDB) at http://ppdb.tc.cornell.edu/ under experimental identification numbers: #1136 -1143 (Repl 1), #1150-1157 (Repl 2), 1158 -1165 (Repl 3).
(d) Chemical analyses
For the metabolic analysis of methionine synthesis, the gas chromatography-mass spectrometry (GC-MS) analysis of [U- N 1 ]-methionine content of 7-day-old aphids was conducted on protein hydrolysates (electronic supplementary material, Methods), using a Varian CP-3800 GC coupled to an CombiPal autosampler and a Varian 1200L triple quadrupole MS (Varian, Carey, NC, USA). Electron ionization (EI)-MS spectra were collected at 70 eV, and the mass of individual chromatographic peaks was compared to the Palisade spectral library and the retention times and mass spectra of labelled and unlabelled standards. Chemical ionization (CI)-MS data were used to assess parent ions of components that were labelled with more than one atom. Electronic supplementary material, figure S1 shows the fragment ions that were monitored to identify and measure the ion abundance of 13C-labelled and unlabelled methionine in the mass spectra.
The samples used to determine the FAA content of honeydew, the cystathionine and methionine content of bacteriocytes, and whole body samples, and to quantify methionine release from Buchnera preparations were analysed using the AccQ Tag derivatization kit (Waters) by UPLC with PDA detector (Waters Acquity), as in [18] (electronic supplementary material, Methods).
Results (a) Net production of most essential amino acids by
Buchnera is elevated in aphids on diets lacking that essential amino acid
Protein synthesis is the principal fate of EAAs acquired by aphids [19] . We reasoned that the amount of each EAA To establish whether the net production of EAAs by Buchnera differed between aphids reared on diets lacking each EAA and the complete diet (i.e. containing all EAAs), the budget for each EAA in aphids on the complete diet was constructed. The outputs comprised the EAA contribution to protein growth and EAA in the honeydew (electronic supplementary material, table S3a), and the known inputs comprised EAAs acquired from food and reserves (electronic supplementary material, table S3b). Net production of EAAs by Buchnera on the complete diet (indicated by a lower value of inputs than outputs) was observed for just two of the 10 EAAs, phenylalanine and tryptophan (figure 1b,c). For phenylalanine, net production on the complete diet comprised 1.66 nmol, depressed by 67% relative to the phenylalanine-free diet (5.05 nmol), but the production of tryptophan on the complete diet was 2.66 nmol, more than twofold greater than the value, 1.03 nmol, on the tryptophanfree diet (electronic supplementary material, table S5).
These data indicate that the net production of EAAs by Buchnera varies with diet; for nine of the 10 EAAs, production by Buchnera is reduced in aphids provided with that EAA, but tryptophan, exceptionally, displays the reverse relationship (figure 1b,c; electronic supplementary material, table S5). Possible reasons for the atypical response of tryptophan are addressed in the Discussion. , heterogeneous nuclear ribonucleoprotein H, hnRNP H), which contributes to the hnRNP complex in mRNA processing, and ACYPI006133 ( p ¼ 0.008, adenylyl cyclase-associated protein 1: p ¼ 0.009), contributing to cAMP signalling (electronic supplementary material, table S7). These genes are not known to be associated with EAA synthesis, and the differences are probably false positives.
These data provided the strongest evidence that dietdependent variation in EAA production by Buchnera in the pea aphid cannot be attributed to the regulation of the abundance of EAA biosynthesis enzymes or any other proteins in Buchnera or bacteriocytes.
(c) Precursor concentration regulates the rate of production of the essential amino acid methionine
To investigate the regulation of EAA synthesis further, we focused on a single EAA, methionine, which is synthesized from cystathionine via two reactions: aphid-mediated transformation of cystathionine to homocysteine, which is metabolized to methionine by a Buchnera reaction (homocysteine S-methyltransferase, MetE). We selected this EAA because metabolic analysis of its synthesis is facilitated by the fact that the host-derived precursor is not used in any other Buchnera reaction [18] . We first quantified the contribution of endogenous sources (i.e. endogenous reserves and Buchnera) to the methionine content of the aphids, to verify the conclusion from the budget analysis that methionine production by Buchnera is depressed in aphids reared on diets containing methionine. We fed the aphids on [ N]-methionine recovered from the aphids would be unmodified from the diet, while unlabelled methionine would be derived from endogenous sources. On the complete diet which contains 2.9 mM methionine, 30% of the methionine in the aphids was identified as endogenous in origin (figure 3a). Our budgetary analysis indicated that pre-existing reserve of methionine (0.27 nmol: electronic supplementary material, table S2a) accounts for an estimated 5% of the aphid methionine content (4.9 nmol: electronic supplementary material, table S3a). By subtraction, 25% of the methionine acquired by the aphids over the experimental period is estimated to be derived from Buchnera. On diet with five times greater methionine concentration (14.5 mM [ rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141163 methionine from Buchnera to aphid protein is reduced in aphids reared on diets containing that EAA. The metabolic controls over diet-dependent production of methionine by Buchnera could comprise reduced methionine ('pull metabolism') or increased cystathionine precursor ('push metabolism') in bacteriocytes of aphids on methionine-free diet. The concentrations of both cystathionine and methionine were significantly elevated in the bacteriocytes of aphids on the methionine-free diet, but the diet did not significantly affect their concentrations in the whole body ( figure 3b,c) . These results suggest that elevated precursor concentration in the bacteriocytes of aphids on methionine-free diet may drive increased rates of methionine synthesis.
To test the hypothesis that methionine synthesis rates by Buchnera vary with the supply of the cystathionine precursor, we made use of the fact that, although Buchnera cannot be cultured, it can be isolated from the symbiosis in a viable condition and releases EAAs at linear rates for at least 1 h [15] . Buchnera released no detectable methionine when incubated in cystathionine-free medium, and the rate of methionine release increased with increasing cystathionine concentration in the range 0.25-3 mM that includes the concentrations in bacteriocytes of aphids on the complete and methionine-free diets (figure 3d).
Discussion
Amino acid biosynthesis in free-living bacteria is regulated by repression of gene expression and feedback inhibition of enzyme activity, such that the amino acid supply is matched to demand for bacterial growth and proliferation [20] . The evolutionary transition to the symbiotic lifestyle in Buchnera has involved the overproduction of EAAs to support the biomass increase of both Buchnera cells and host tissues, with predicted changes in the regulation of EAA synthesis. The budgetary and methionine metabolism analyses in this study (figures 1 and 3a) demonstrate that this metabolic shift has been accompanied by a fundamental change in the regulation of symbiont metabolism, such that EAA production is scaled to host demand. In this way, EAA synthesis by Buchnera is analogous to food collection by a worker honeybee whose foraging intensity is dictated largely by the nutritional status of the hive (analogous to the aphid) and not its individual nutritional requirements [21] [22] [23] .
Any hypothesized mechanism that integrates EAA production by Buchnera with EAA demand of the aphid host must take into account, first, the small genetic repertoire of Buchnera including the dearth of recognizable signal transduction genes and regulatory sequences [7, 24] and, second, the evidence that diet-driven variation in EAA production by Buchnera in the pea aphid is not accompanied by large changes in transcript [9, 11] or protein levels (this study). The conclusion from the current study that the synthesis of the EAA methionine is determined by precursor supply is fully compatible with these constraints. The most parsimonious explanation for our findings is that the EAA biosynthetic capability of Buchnera is poised for maximal production of EAAs, with actual rates determined by the availability of precursors from the host. The very small metabolic network of Buchnera [15, 18] , with few or no competing reactions that would divert EAA precursors into alternative pathways seems adapted for regulation by substrate supply. An important topic for future research is the mechanisms by which host demand for individual EAAs results in changed precursor concentration in the bacteriocyte. We hypothesize that the processes operate at the whole insect level, potentially involving integration of the nutritional regulatory circuits across multiple organs (e.g. gut, fat body and bacteriocytes), and probably involving target of rapamycin signalling, which is strongly responsive to amino acids [25, 26] , together with regulation of the function of transporters on the bacteriocyte cell membrane [27] .
In principle, the regulation of EAA production by precursor supply may be augmented by the efficient host removal of EAAs, by a combination of high affinity transporters and metabolism to other products. These processes would tend to reduce feedback inhibition in the symbiont and are known to contribute to high efflux in certain other symbioses, e.g. of ammonia from nitrogen-fixing rhizobia to the host cell in leguminous plants [28] [29] [30] . However, our finding that methionine levels are elevated in bacteriocytes from aphids reared on methionine-free diet (figure 3b) is not readily compatible with host-mediated alleviation of feedback inhibition. A further indication that metabolic removal of EAAs in aphid bacteriocytes is not central to the regulation of EAA production comes from the evidence that the protein synthesis machinery is not enriched in bacteriocytes [13, 18, 31] , although certain aphid amino acid transporters in bacteriocytes may mediate efficient EAA export from the bacteriocyte [32] .
The regulation of EAA production in the aphid symbiosis by precursor supply would enable more rapid changes in EAA flux than could be achieved by mechanisms dependent on change in gene expression. Arguably, this is advantageous for phloem sap feeding insects, because the concentration of individual EAAs in phloem sap can vary widely, including over small spatio-temporal scales [3, 33, 34] . The capacity of the symbiosis to integrate bacterial and dietary supply of EAAs with minimal time-lag would promote metabolic efficiency and support the very high growth and reproductive rates of these insects.
These considerations raise an important experimental issue: that the precise control over dietary inputs required for our experiments can be achieved with chemically defined diets but not the natural diet of plant phloem sap. Aphid diets differ from phloem sap in important ways. Their amino acid composition is fixed; they have a more balanced amino acid composition than phloem sap; and the individual EAA deletions used in this study are not representative of phloem sap variation. There is also evidence that some aspects of aphid metabolism differ between diet-and plant-reared aphids. In particular, diet-reared aphids produce honeydew with high concentrations of nitrogen-rich EAAs, especially arginine, histidine and tryptophan [35, 36] , and a proportion of the honeydew tryptophan can be synthesized by Buchnera [37] . These three nitrogen-rich amino acids have been interpreted as vehicles for elimination of excess nitrogen [19, 35] , a specific response to the nutrient-rich diets that are required to provide sufficient phagostimulatory cues to induce feeding by diet-reared aphids in the absence of other plant-associated cues. Even though the regulation of EAA production did not evolve in the context of the amino acid profiles in chemically defined diets, the core regulatory mechanisms are displayed, and can be investigated, in diet-reared aphids. As plants genetically manipulated to vary systematically in phloem amino acid composition become available, it will become increasingly possible to test the predictions of regulation by precursor supply on plant-reared aphids.
A defining feature of the aphid symbiosis is the small genome content of the Buchnera symbiont, largely attributable to genomic deterioration [24, 38] . As a result of its very limited genetic repertoire, Buchnera is metabolically fastidious, and its growth is inferred from analyses in silico to be dependent on host supply of 33 metabolites [18] . This nutritional fastidiousness is paralleled by a loss of regulatory capability [7, 9, 11] , such that the host dictates the Buchnera metabolic function in real time by controlling key inputs to the Buchnera metabolic network (this study). Symbiotic bacteria with much-reduced genomes occur in various insects and other animals [2, 24] , and we predict that, as in Buchnera, their provisioning of nutrients to their hosts is regulated by the concentration of host precursors.
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